Ordered chondrocyte differentiation and maturation is required for normal skeletal development, but the intracellular pathways regulating this process remain largely unclear. We used Affymetrix microarrays to examine temporal gene expression patterns during chondrogenic differentiation in a mouse micromass culture system. Robust normalization of the data identified 3300 differentially expressed probe sets, which corresponds to 1772, 481, and 249 probe sets exhibiting minimum 2-, 5-, and 10-fold changes over the time period, respectively. GeneOntology annotations for molecular function show changes in the expression of molecules involved in transcriptional regulation and signal transduction among others. The expression of identified markers was confirmed by RT-PCR, and cluster analysis revealed groups of coexpressed transcripts. One gene that was up-regulated at later stages of chondrocyte differentiation was Rgs2. Overexpression of Rgs2 in the chondrogenic cell line ATDC5 resulted in accelerated hypertrophic differentiation, thus providing functional validation of microarray data. Collectively, these analyses provide novel information on the temporal expression of molecules regulating endochondral bone development.
INTRODUCTION
Two processes, intramembranous ossification and endochondral ossification, govern the development of the vertebrate skeleton. Bone derived from the former process develops directly from mesenchymal progenitor cells, whereas the latter forms by way of a cartilage intermediary (Cancedda et al., 2000; Karsenty and Wagner, 2002; Eames et al., 2003) . Endochondral bone formation proceeds through the formation of a cartilage intermediate that can be further subdivided into two phases: chondrogenesis and chondrocyte differentiation. The commitment of undifferentiated mesenchymal precursor cells to the chondrogenic lineage signals the onset of this process where chondroprogenitors form cellular condensations and differentiate into chondroblasts (Hall and Miyake, 1992; Shum and Nuckolls, 2002) . In the second phase, subsets of newly formed chondrocytes become mitotically active, proliferate for an interlude, exit the cell cycle, hypertrophy, and terminally differentiate. End stage chondrocytes undergo apoptosis and are replaced by bone cell precursors (Akiyama et al., 2002; Kronenberg, 2003) . These later phases of chondrocyte proliferation and differentiation occur in the growth plate at the cartilage-bone interface. This region therefore controls longitudinal growth of endochondral bones through the multiplication and hypertrophy of chondrocytes.
Complex regulatory and signaling networks involving cell-matrix and intercellular interactions, coupled to tightly regulated gene expression, mediate the successive stages of proliferation and differentiation that produce all cellular states observed in the growth plate (DeLise et al., 2000) . Proteins of numerous molecular families have been implicated in the longitudinal growth of the skeleton including growth factors, e.g., bone morphogenetic proteins, fibroblast growth factor family members, insulin-like growth factor signaling components (Cancedda et al., 1995) ; extracellular matrix molecules, e.g., collagen II, aggrecan, link protein and cartilage oligomeric protein (Cheah et al., 1991; Watanabe et al., 1994; Fang et al., 2000; Tuckermann et al., 2000) ; and transcription factors, e.g., Sox9, Core-binding factor alpha (Cbfa1) and ATF-2. In particular, Sox9 has been shown to be required for chondrogenesis, ATF-2 controls cell cycle progression and proliferation, and Cbfa1/Runx2 is involved in hypertrophic differentiation (Reimold et al., 1996; Lefebvre and de Crombrugghe, 1998; Beier et al., 1999; Bi et al., 1999; Stricker et al., 2002) .
The intricate nature of cartilage development makes strict coordination between the various chondrogenic factors imperative for the establishment and maintenance of normal growth plate physiology. Improper regulation of genes belonging to the associated functional categories has been linked to growth disturbances and pathological conditions (Ballock and O'Keefe, 2003) . For example, achondrodysplasias, hypochondrodysplasias, and thanatophoric dysplasia have been associated with activating mutations in the Fgfr3 gene, encoding fibroblast growth factor receptor 3, an important modulator of growth plate function (Ornitz, 2001 ). In addition, the pathogenesis of osteoarthritis is thought to reiterate changes occurring during normal cartilage development (Gelse et al., 2003) .
Although many of the molecular players involved in chondrogenic differentiation have been identified, a comprehensive understanding of the mechanisms governing endochondral bone formation has not been achieved. Our knowledge of essential intracellular signaling cascades is especially limited. The advent of functional genomics in combination with systems biology and integrative physiology approaches has equipped us with the tools to overcome some of the challenges associated with understanding complex developmental processes.
In this study, comprehensive gene expression profiling of the in vitro murine micromass culture system has been used to systematically investigate temporal modulation of factors that coordinate chondrogenesis and chondrocyte differentiation. These studies identified numerous genes that undergo significant changes in expression during chondrogenic differentiation. One of these genes, the regulator of G-protein signaling 2 (Rgs2) gene was selected for functional analyses that demonstrated novel functional roles of Rgs2 in hypertrophic chondrocyte differentiation. The data presented here will further our understanding of normal endochondral bone formation and consequently the impact of pathological perturbations on the developing skeleton.
MATERIALS AND METHODS

Murine Micromass Cultures and RNA Isolations
Micromass cultures were prepared as described (Ahrens et al., 1977; Cash et al., 1997; Weston et al., 2000; Stanton et al., 2004) with minor modifications. Forelimbs and hindlimbs from 8 to 12 litters of E11.5 CD1 mouse embryos (obtained from Charles River Laboratories, Montreal, Quebec, Canada) were removed and segmented in Puck's Saline A buffer (PSA). The isolated limb buds were dissociated in 10 mg/ml dispase (Roche Molecular Biochemicals, Indianapolis, IN) solution containing 10% fetal bovine serum (FBS)/PSA for 1.5 h at 37°C and shaken at 100 rpm. The enzymatic reaction was neutralized with 2:3 DMEM (Wisent, St.-Bruno, Quebec, Canada): F12 media containing 10% FBS (Invitrogen, Life Technologies, Burlington, Ontario, Canada) . Digested limbs were subsequently passed through a 40-m cell strainer (Falcon, Lincoln Park, NJ) to obtain a single cell suspension and were briefly centrifuged. Cells were resuspended in growth media at a concentration of 2.5 ϫ 10 7 cell/ml and spotted in 10 10-l droplets per well of a six-well NUNC cell culture plate. After cells adhered to culture dishes for 1 h at 37°C in a humidified atmosphere containing 5% CO 2 , 2 ml of 2:3 DMEM/F12 media containing 10% FBS, 0.5 mM glutamine, 25 U penicillin/ml, and 25 g streptomycin/ml was added. The medium was supplemented with 0.25 mM ascorbic acid (Sigma, Oakville, Ontario, Canada) and 1 mM ␤-glycerophosphate (Sigma) to differentiate cultures . Growth media were replaced daily, and total RNA was extracted on days 3, 6 9, 12, and 15 of culture with the Qiagen RNA easy kit according to the manufacturer's instructions (Chatsworth, CA). RNA quantity and quality was subsequently confirmed with Agilent 2100 BioAnalyzer Data Review Software (Wilmington, DE) at the London Regional Genomics Center.
Staining Methods
Cells were stained for chondrogenic differentiation with Alcian blue, which binds sulfated proteoglycans. Cells were washed twice with phosphate-buffered saline (PBS) and fixed for 2 h in a 10% Formalin solution. Alcian blue was added to cells and allowed to incubate at room temperature for 2 h. Excess stain was removed and cells were rinsed twice with 70% ethanol to remove residues before visualization .
Alkaline phosphatase (ALP) activity was visualized as described . For micromass staining, cells were washed twice in cold PBS, and micromass cultures fixed with 10% Formalin for 2 h at room temperature. ATDC5 cells were fixed in cold 95% ethanol for 20 min at Ϫ20°C. Cells were subsequently rinsed twice and incubated in water (pH 8.0) for 15 min. A solution containing 0.1 mg/ml naphthol AS-MX phosphate (Sigma), 0.5% N,N-dimethylformamide, 2 mM MgCl 2 , and 0.6 mg/ml Red Violet LB salt (Sigma) in 0.1 M Tris/HCl (pH 8.3) was added to the cells, and the cultures were placed in dark conditions for 45 min. Cells were air-dried before computer scanning and visualization.
Von Kossa staining was utilized to visualize calcium deposition in micromass cultures. Cells were washed twice with cold PBS and fixed with 10% Formalin for 2 h at room temperature. Cells were stained first for ALP before staining with 2.5% (wt/vol) silver nitrate solution for 30 min to increase contrast. After washing with water, cells were air-dried before visualization .
Microarray Analysis
Expression analysis of known chondrogenic markers Sox9 and Ibsp (Bone sialoprotein [BSP]) using real-time PCR in three independent micromass trials was completed as described before microarray analysis to validate RNA quality and to verify chondrogenic differentiation in these trials. Total RNA from the three biological replicates were subsequently analyzed with the Agilent Bioanalyzer 2100 system at the London Genomics Facility to confirm RNA integrity. Hybridization proceeded according to the standard Affymetrix protocol (http://www.affymetrix.com/support/technical/manuals.affx). The MOE430A chip contains oligonucleotides for 22 690 probe sets representing ϳ14,000 mouse genes.
Data Analysis
Microarray Suite 5.0 and GeneSpring 6.1. The gene expression data were analyzed using the Microarray Suite (MAS) 5.0 algorithm (Affymetrix, Santa Clara, CA) in which all probe sets were scaled to the target value of 150. Pivot files generated through M.A.S. analysis were imported into GeneSpring 6.1 software (Silicon Genetics, Redwood City, CA) for data mining. Data transformation values were set to Ͻ0 -0.1, and per chip normalizations were set to the 50th percentile in addition to per gene normalizations to the median and to specific samples. Day 3 data from all experimental replicates were defined as the baseline array. Signal intensity values for all experimental replicates on any given time point were averaged and used for additional analysis. The starting data set represented 22,690 probe sets. Additional filtering was executed to reduce type I errors (i.e., false positives), which result from experimental procedures and probe design. Genes assigned an "Absent" call for all time points were eliminated from the data set and 16,709 probe sets remained. M.A.S. 5.0 derived algorithms assign statistically spurious expression values an "Absent" call, which signifies of a decreased likelihood that the corresponding signal intensity obtained from the analysis is a reflection of an actual expressed transcript. This data set was additionally filtered with a one-way Welch ANOVA (p-value cutoff of 0.05) and Benjamini and Hochberg False Discovery Rate testing in order to further reduce the working data set to 3334 probe sets. Probe set lists were filtered using the "Filter on Fold Change" option in GeneSpring. A minimum twofold change in gene expression defined differential expression for this data set.
GeneTraffic. Raw microarray data were also imported into GeneTraffic UNO 3.0 (Iobion Informatics, Stratagene, La Jolla, CA) and normalized according to the Robust Multi-array Analysis summary measure (Irizarry et al., 2003) in which day 3 represented the baseline culture time point. Resulting signal intensities were utilized for subsequent analysis. The 22,690 probe sets were filtered to remove all genes that were not assigned a present call in at least one culture time point. The resulting data set contained 16,256 probe sets. Gene expression values were subsequently filtered in a parallel manner to the list generated in GeneSpring after statistical analysis. Individual probe sets were selected for visualization.
Clustering. Self Organizing Maps (SOMs) were generated using the 3334 probe sets obtained from data analysis in GeneSpring 6.1. The following parameters were used: 7 rows, 6 columns, 220,000 iterations, and a neighborhood radius of 6.0. Genes without data in half of the starting conditions were not used for the analysis. K-means clustering where K ϭ 5 of 3 of the 42 cluster sets created by SOM analysis was executed to generate groups of highly similar probe sets. Standard correlation similarity measures were used along with 10,000 iterations that converged after six iterations to create final cluster sets.
Gene Ontologies. Probe set lists resulting from the comparison of genes expressed on day 3 versus 15 of culture filtered using a twofold cutoff were assigned a molecular function with the fatiGO program (Al-Shahrour et al., 2004;  http://fatigo.bioinfo.cnio.es/), using the level two filtering parameter. Probe sets annotated by the Gene Ontology Consortium were selected for analysis. Genes assigned to individual categories listed were calculated based on the proportion of annotated probe sets included in all lists.
RT-PCR
cDNA from the micromass time course was generated with the First-Strand cDNA Synthesis system for RT-PCR using SuperScript II RNase H-Reverse Transcriptase (Invitrogen Life Technologies), random hexamers (Invitrogen Life Technologies) and p(dT) 12-18 (Invitrogen Life Technologies). RT prod-ucts were generated according to the manufacturer's specifications using 1 g of RNA and a 50-min incubation period at 42°C. A 15-min cDNA incubation at 65°C terminated the reaction. PCR was executed in 50-l reaction volumes containing 1 l RT products and 0.5 l of AmpliTaq Gold polymerase (Perkin Elmer-Cetus, Boston, MA). Amplification conditions for primers began with a 1.5-min denaturation step at 95°C, with annealing temperatures ranging from 50 to 63°C with a 72°C extension phase. PCR reactions occurred over 25-32 cycles, and the reaction was terminated with a 6-min final extension phase at 72°C. PCR products were visualized with UV light after electrophoresis of a 1% agarose gel containing ethidium bromide. For primer sequences, see Table 3 .
In Situ Hybridization
PCR products from RT-PCR amplification of murine Rgs2 mRNA (see Table  3 for primer sequences) were cloned into pGEM T-Easy vector (Promega, Madison, WI), and clones were validated by sequencing. Linearized pGEMRgs2 vector was used to generate sense (via T7 RNA Polymerase) and antisense (via SP6 RNA Polymerase) DIG-labeled riboprobes using 10X DIG Labeling Mix (Roche).
Limbs from embryonic day 15.5 mice (E15.5) were fixed overnight with 4% paraformaldehyde (PFA) in PBS, pH 7.4, at 4°C, washed overnight with PBS (4°C), dehydrated, and embedded in paraffin. Sections of 10 m were cut, mounted on 3-aminopropyltriethoxy-silane-treated (positively charged) glass slides, dewaxed in xylenes, and rehydrated. After washing in PBS, they were digested with 10 g/ml proteinase K, fixed in 4% PFA, and acetylated with 0.25% acetic anhydride. The sections were hybridized overnight at 55°C with DIG-labeled riboprobes for Rgs2 (sense or antisense). After hybridization, the sections were washed in 2ϫ SSC, 1ϫ SSC, and 0.5ϫ SSC at 50°C. Riboprobes were digested with RNase A and washed once with tris-buffered saline (TBS; pH 7.5). Anti-DIG antibody conjugated to ALP (Roche) was used as the primary antibody. The blocking and detection of the DIG-labeled sections using NBT-BCIP colorimetric reaction was carried out according to the instructions of the manufacturer (Roche).
Generation of Stable Transfectants and ATDC-5 Cell Culture
ATDC5 cells were cultured and transfected as described (Wang et al., 2004) . For transfections, cells were seeded at 2 ϫ 10 4 cells/ml per well of six-well tissue culture plates and individually transfected with expression vectors for human RGS2 (Guthrie cDNA Resource Center, http://www.cdna.org/) and empty expression vector pcDNA3.1ϩ (Invitrogen) using Fugene6 (Roche) according to the manufacturer's specifications. Pools of transfected cells were selected with 800 mg/ml Geneticin. Differentiation was induced by addition of ITS as described (Wang et al., 2004) .
Western Blotting
ATDC5 cells were centrifuged at 1000 ϫ g in ice-cold PBS and resuspended in ice-cold RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 2 mM EDTA, 500 mM sodium fluoride, 100 mM sodium orthovanadate). Cell lysates were subsequently sonicated and the protein was quantified by bicinchoninic acid (BCA) assay (Sigma) according to the manufacturer's specifications. To confirm expression of HA-tagged RGS2, 60 g of protein was loaded and size-fractionated on a 10% SDS-PAGE and blotted overnight onto a nitrocellulose membrane (PROTRAN, Schleicher and Schuell Bioscience, Keene, NH). Nonspecific sites were blocked in a 5% solution of nonfat milk powder in TBS. The nitrocellulose membrane was incubated with high-affinity rat monoclonal anti-HA IgG (Roche) followed by incubation with goat anti-rat secondary IgG antibody with horseradish peroxidase conjugate (Santa Cruz Biotechnology, Santa Cruz, CA) using 1:1000 and 1:5000 dilutions, respectively. Lysates containing HA-tagged constructs were visualized with enhanced chemiluminescence Advance Western blot detection system (Amersham Biosciences, Piscataway, NJ) and Alphaimager 2200.
ALP Activity Assay
Enzymatic activity was measured as described by washing the cells with cold PBS, immediately harvesting the cells in a solution of 10 mM Tris-HCl (pH 8.3) containing 0.2% IGEPAL, and storing the samples at Ϫ20°C until the enzymatic activity was measured. Samples were thawed on ice and sonicated. The ALP substrate, p-nitrophenyl phosphate substrate (Sigma), was added to the sample supernatants and kept in dark conditions. Sodium hydroxide (3 M) was added to the reaction to terminate substrate hydrolysis after 15 min. The absorbance at 405 nm was used to quantify the amount of p-nitrophenyl substrate liberated by ALP activity. The samples were normalized to their protein concentration (mg/ml) with the bicinchoninic acid assay (Sigma) according to the manufacturer's guidelines.
Real-Time PCR
Real-Time PCR was performed to quantitatively assess RNA samples according to . Primer and probe sequences for TaqMan GAPDH control reagents were used as an internal control, because this gene demonstrated less variability and greater reproducibility in our system (compared with other standardization probes such as 18s RNA). The GAPDH primer probe set was 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј for the forward primer; 5Ј-GAAGATGGTGATGGGATTTC-3Ј for the reverse primer and JOE-CAAGCTTCCCGTTCTCAGCC-TAMRA for the probe. Specific target primers and probes for Fgfr3 and Ihh with primers and probes generated from Applied Biosystems TaqMan Assays-on-Demand consisting of two unlabeled primers and FAM (6-carboxyfluorescein) dye-labeled TaqMan MGB probe in addition to primer and probe sets for Sox9, Col2a1, and BSP as described . Individual primer pairs along with their corresponding probes and template RNA were combined with TaqMan one-step mastermix kit (Applied Biosystems) up to a total volume of 15 l. The ABI Prism 7900 HT sequence detector (Perkin Elmer-Cetus) was used to detect the amplified target sequences. The primers were annealed at 60°C for 40 PCR cycles. Experimental values represent reaction mixtures completed in triplicate for each time point, and data are a compilation of a minimum of three experimental trials. Negative controls include the mastermix without template RNA. Real-time expression values were calculated using the relative standard curve method. Standard curves were generated for both the target of interest and the endogenous control (GAPDH) by measuring the cycle number at which exponential amplification occurred in a dilution series of samples with known concentrations (plotted as the log concentration). The level of target and endogenous control transcripts were calculated by solving for the x-intercept of the slope of the standard curve line. Normalized target values were subsequently generated by taking the antilog of the x-intercept and finally taking the quotient of the amounts of target and endogenous control
RESULTS
Validation of Micromass Culture System
We used micromass cultures as an established in vitro model system for chondrogenesis and chondrocyte differen- tiation of mouse mesenchymal cells (Cormier et al., 2003; Stanton et al., 2004; Zhang et al., 2004) . Cultures were qualitatively assessed with Alcian blue, ALP and von Kossa staining on days 3, 6, 9,12, and 15 of the time course. In all cases, staining intensity increases over time confirming the progression of the cultures along the chondrogenic lineage ( Figure 1 ). Quantitative Real-Time PCR analysis of the micromass cultures revealed that expression of well-characterized markers of chondrocyte differentiation, namely Sox9 and Ibsp, follow expected expression patterns (Chen et al., 1992; Bi et al., 1999; unpublished data) . Sox9 mRNA showed peak expression during days 3 and 6 of the culture period, after which transcript levels decreased by 50% in parallel with the maturation of differentiated chondrocytes. The opposite pattern was observed for Ibsp transcripts, which showed very low expression until days 12 and 15 of culture when cartilage cells terminally differentiate and up-regulate Ibsp mRNA levels 1200-fold.
Microarray Analyses
Total RNA isolated from the micromass cultures in 3-d increments over a 15-d time course were hybridized to the Affymetrix MOE430A arrays containing 22,690 probe sets representing nearly 14,000 mouse genes ( Figure 2A ). Analysis in GeneSpring 6.1 software demonstrated that ϳ3300 transcripts from a total of 16,709 probe sets are expressed in at least one time point during the culture period (for details see Materials and Methods). Expression profiles of Sox9 and Ibsp were consistent with the trends observed by real-time PCR ( Figure 2A ). Closer inspection of expression trends for additional known chondrogenic markers also followed the expected patterns ( Figure 2Bb ). Specifically, the expression of the proteoglycans Aggrecan (Agc1) and link protein (Crtl1; Watanabe et al., 1998) were similar, though link protein exhibited greater fold differences. Microarray analysis demonstrates that Agc1 and Crtl1 transcripts increased from the beginning of the culture period toward day 6, remained at similar levels until day 9, and subsequently decreased for the remainder of the time course. Similar patterns, although less pronounced, were found for other cartilage markers such as Col2a1 and Cdrap consistent with their expression in vivo (Dietz and Sandell, 1996) . Further examination of molecules implicated in formation and remodeling of the cartilage extracellular matrix such as matrilin 1 (Matn1), perlecan (Hspg2), collagen 11a1 (col11a1), osteopontin (Opn1), tissue inhibitor of metalloproteinase 3 (Timp3), collagen 9a2 (col9a2), and osteonectin (Spock1) also demonstrate expected expression patterns ( Figure 2Bc ; Pacifici et al., 1990; Kim et al., 1999; Knudson and Knudson, 2001; Eyre, 2004) .
The insulinlike growth factor (IGF) signaling system is one of the major regulators of endochondral ossification (Schmid, 1995) . We analyzed expression of IGF signaling components in our data sets. Most notably, mRNA encoding IGF1 is markedly up-regulated at later stages of differentiation, along with transcripts for IGF-binding protein (IGFBPs) 2, 4, and 6, whereas IGF2 displays the opposite behavior ( Figure 2Bb , Table 1 ). In particular, IGFBP6 is up-regulated ϳ11-fold on day 15 versus day 3 of culture and shows a very similar expression pattern to matrix metalloprotease 13 (Mmp13), Ibsp, Cartilage Oligomeric Protein (Comp) and the newly implicated a disintegrin and metalloprotease domain 23 (Adam23), which are examples for endstage cartilage markers that exhibit greater than fivefold upregulation in gene expression in our array (IGFBP6 could not be shown in Figure 2 for scaling reasons).
Validation of Microarray Expression Data
To validate microarray data using independent methods, both new and novel markers were selected for analysis of micromass gene expression by RT-PCR. Gene expression patterns for cartilage link protein 1 (Crtl1), nuclear cap binding protein subunit 2 (Ncbp2), and myogenic differentiation 1 (Myod1) matched the expression patterns obtained by microarray analysis (Figure 3 ). Crtl1 increases from day 3 to day 6 of culture, remains at similar levels until day 9, and subsequently decreases until day 15 of the developmental time line ( Figure 3A) . The expression pattern of Ncbp2 demonstrates gradual decrease in gene expression until it reaches a plateau at day 12 of the culture period ( Figure 3B ). Consistent with our previous results (Weston et al., 2003) , Myod1 is strongly expressed on day 3 of the culture period, followed by a marked decrease in gene expression on day 6 and virtual absence of a signal thereafter ( Figure 3C ). The microarray expression patterns of these genes can therefore be validated through alternative experimental means, which suggests that microarray data correspond to actual gene expression patterns.
Identification of Trends in Gene Expression
The distribution of differentially expressed probe sets was assessed for the duration of the time course. Specifically, the number of differentially expressed transcripts between sequential time points was compared using various fold change cutoffs ( Figure 4A ). The largest changes in gene expression were observed between days 3 and 6 of the time course at all fold change cutoffs. Conversely, the smallest number of genes changed between days 12 and 15 of culture. Probe set lists for transcripts differentially regulated between day 6, 9, 12, or 15 of culture and the day 3 baseline were examined using 2-, 5-, and 10-fold change cutoffs. Approximately 1772, 481, and 249 probe sets were differentially expressed by 2-, 5-, and 10-fold, respectively, between days 3 and 15 of culture, which coincides with the largest change in gene expression between two nonsequential culture days. Table 2 shows genes demonstrating at least 10-fold changes in expression levels between days 3 and 15. This is consistent with the different stages of cartilage formation: namely chondrogenesis and the terminal differentiation of chondrocytes. Closer examination of these lists involved functional categorization of differentially expressed transcripts in the twofold change category (1772 probe sets). Classification according to GeneOntology (GO) annotations showed that the majority of annotated transcripts were involved in catalysis (39%), signal transduction (23%), and transcriptional regulation (11%). Approximately 10% of transcripts included were not assigned a functional classification (shown as "other"; Figure 4B ). Similar distributions were observed for genes with a 5-and 10-fold cutoff (unpublished data).
Differences in the proportion of transcripts showing increased or decreased expression patterns were also assigned to various functional groups. The most pronounced difference occurred in the signal transduction, transcription, and motor activity categories where 1.8-fold more up-regulated transcripts, 1.5-fold more down-regulated transcripts, and 4.4-fold more down-regulated transcripts, respectively, were identified ( Figure 4C ). These patterns are consistent with gene expression profiles observed for vascular endothelial growth factors and matrix metalloproteases in the case of the signal transduction, Sox9 and other patterning molecules in the case of transcription, and muscle markers such as myosin in the case of motor activity. The identification of gene expression trends provides insight into the distribution of functional classes that temporally modulate chondrocyte maturation as well as additional support for the micromass culture system as an appropriate in vitro model for chondrocyte differentiation.
Clustering Analyses
Genes exhibiting similar expression pattern may be involved in similar biological processes and may therefore be regulated by similar upstream mechanisms (Marcotte et al., 1999) . Thus, we attempted to identify coexpressed genes by cluster analysis. Two clustering methods were used to complete the analysis: SOMs and K-means clustering (see Materials and Methods for details). SOMs were executed in GeneSpring using the initial data set consisting of all significantly expressed transcripts. Of the 42 resulting SOMs, three patterns were analyzed in detail. Cluster 1 contained 140 probe sets that are up-regulated toward the end of the developmental program, likely representing transcripts involved in hypertrophic differentiation ( Figure 5A, left panel) . Mmp13, a known marker of late-stage hypertrophic differentiation, is found in this cluster (Tuckermann et al., 2000) . Cluster 2 contained 58 transcripts that peak around day 6 and day 9 of Figure 4 . Distribution of differentially expressed probe sets and corresponding molecular classification according to GO terms. Differential gene expression analyzed in succession shows the number of probe sets exhibiting changes as the developmental time line progresses. Probe sets were filtered according to 2-, 5-, and 10-fold change cutoffs (A). Day 3 versus day 6, and day 12 versus day 15 represent the largest and smallest proportion of changes between culture days, respectively. Genes exhibiting minimum twofold changes in gene expression between day 3 and day 15 were assigned molecular function and categorized according to GO annotations assigned in the FatiGO program (B). The proportion of genes that are up-or down-regulated in the gene list derived from twofold changes in gene expression between days 3 and 15 of micromass culture (C). (Table continues) culture and are subsequently down-regulated (represented by Crtl1; Figure 5B , left panel). Cluster 3 contained 119 probe sets that are down-regulated during the time course (e.g., Myod1; Figure 5C , left panel). Additional probe sets demonstrating these expression profiles for each cluster are shown in Figure 5 (right panels).
The K-means clustering algorithm was subsequently used to reduce the numbers of genes assigned to each group and to identify the most correlated probe sets in a given cluster. The resulting clusters contained subsets of probes that were most similar to cluster 1, 2, and 3, and contained 21, 12, and 23 probe sets, respectively ( Figure 5 ). All 21 transcripts identified in cluster 1, and 10 of the 23 probe sets found in cluster 3 were identified in the group of 10-fold up-and down-regulated genes, respectively (see Table 2 ). Cluster 1 genes include other matrix molecules such a Ibsp and cartilage oligomeric protein (Comp), which are documented chondrogenic markers ( Figure 5A ). Additional components of the cartilage extracellular matrix were identified in cluster 2 ( Figure 5B ). Among the expressed transcripts were Col2a1 and the newly implicated angiotensin II receptor, type 2 (Agtr2), a G-protein-coupled receptor involved in regulating collagen expression in cardiac myocytes (Ma et al., 1998) . Cluster three represented many myogenic markers such as cardiac actin (Actc1) and troponin T1 (Tnnt1), a gene thought to be involved in muscle contractility that are all downregulated as chondrocytes differentiate ( Figure 5C ). Genes in cluster 3 (as well as other genes that are down-regulated early in micromass differentiation) are therefore likely due to the suppression of nonchondrogenic cell lineages (such as myoblasts) under the culture conditions used.
Functional Validation of Microarray Results: Rgs2 Regulates Chondrocyte Differentiation
One pervasive expression pattern identified with cluster analysis of the microarray data set included genes that are up-regulated as micromass cultures approach the end of their development program. We postulated that genes following this particular expression pattern might promote chondrocyte maturation. Rgs2 was among the probe sets that exhibit this expression pattern. Rgs2 transcripts increased by twofold as the micromass cultures progressed from day 3 to day 12 of culture and dropped slightly thereafter ( Figure 6A ). Semiquantitative RT-PCR confirmed that Rgs2 was indeed markedly up-regulated during micromass culture; however, the drop in Rgs2 expression at day 15 of culture was not observed in these experiments, potentially due to slight variations in the amounts of RNA or cDNA as shown by Actin RT-PCR ( Figure 6B ). To clarify the expression pattern of Rgs2 in growth plate cartilage in vivo, we performed in situ hybridization on tibia sections from E15.5 mice ( Figure 6C ). Rgs2 expression was weak in resting chondrocytes, increased markedly in proliferating and in prehypertrophic chondrocytes, and decreased upon full hypertrophic differentiation. These in vivo data thus confirm the expression patterns observed in microarray analyses of micromass cultures. We stably transfected an HA-tagged human RGS2 expression vector into the chondrogenic cell line ATDC5 (Atsumi et al., 1990) and differentiated them for 18 d to further investigate the role of RGS2 expression in chondrocyte differentiation. Overexpression of RGS2 was confirmed by 1) RT-PCR using primers designed against the N-terminal HA-tag and the RGS2 coding region, and 2) Western blotting using an anti-HA antibody. Both RGS2 mRNA and protein were elevated compared with cells expressing the control vector and generated a 657-base pairs amplicon and 32-kDa protein, respectively ( Figure 6D ).
On examination of chondrocyte phenotype, we found that RGS2 overexpression causes increased glycosaminoglycan synthesis (as shown by a more rapid increase in the intensity of Alcian blue staining; Figure 7A ) and ALP activity, both in staining ( Figure 7B ) and enzymatic assays ( Figure 7C ). Realtime PCR analysis of the culture for stage-specific cartilage markers reveal no significant differences in the levels of Sox9, Col2a1, and Ihh transcripts in cells overexpressing Rgs2 compared with control cultures (Figure 8, A, B, and D) . The expression of two other markers of chondrocyte differentiation, Fgfr3 and Ibsp, however, is increased by ϳ2-and 10-fold, respectively in these cultures (Figure 8, C and E) . The accelerated increase in glycosaminoglycan synthesis, ALP activity, and Fgfr3 and Ibsp expression suggest that overexpression of RGS2 accelerates the rate of chondrocyte differentiation and modulates the expression of certain markers of the chondrocyte phenotype, thus confirming the roles postulated from the microarray expression pattern.
DISCUSSION
Recent studies in our lab and other labs have established the micromass culture system as a reliable model of chondrogenic differentiation in primary mammalian cells (Weston et al., 2000; Cormier et al., 2003; Stanton et al., 2004; Zhang et al., 2004) . Initially, cells condense in a population of pluripotent mesenchymal cells that subsequently differentiate along the chondrogenic lineage. Here we confirmed authentic chondrogenic differentiation over time using staining techniques and assessing molecular markers. We then performed microarray analyses to identify gene expression patterns and novel regulators of cartilage development. In silico analysis of microarray data demonstrate expected expression patterns for numerous known cartilage markers. Examples include the transient upregulation of the genes encoding the cartilage marker proteins collagen 2, aggrecan, link protein, and Cd-Rap, and the late and strong induction of Mmp13 and Ibsp genes. Similarly, myogenic markers such as Myod1 are rapidly and strongly down-regulated in culture, consistent with stimulation of chondrogenic differentiation and suppression of myogenic differentiation in our micromass culture system (Weston et al., 2003) . Genes in cluster 3, such as Myod1, that are down-regulated early in micromass differentiation therefore most likely represent the suppression of other cell lineages (e.g., the myogenic lineage) in our culture system, rather than the selective down-regulation of these genes during differentiation within the chondrocyte lineage.
In addition to demonstrating the expected expression patterns of established differentiation markers, microarray data were validated using real-time and RT-PCR analyses for several genes, as well as by in situ hybridization of tissue sections for Rgs2. All these results demonstrate that expression patterns observed in the microarray experiments of micromass cultures reflect authentic expression in vitro and in vivo, at least for the vast majority of genes.
The functional distribution of GO-annotated probe sets identified using different fold change cutoffs was similar. Strongly represented categories included probe sets involved in catalysis and signal transduction. A large proportion of unannotated genes were also identified, suggesting that additional novel chondrogenic markers or markers that have not been implicated in chondrocyte differentiation exist and warrant further investigation. This analysis presents an additional avenue from which candidate genes can be categorized and analyzed. Comparisons between genes expressed on day 3 and day 15 of micromass culture that were filtered with a minimum twofold change cutoff produced a list containing 1772 genes. Numerous gene families that have been implicated in different cellular processes were shown, some of which were unique to a particular expression pattern (up-or down-regulated). For example, several myogenic markers including Myod1, myosins, myogenin, and troponins demonstrate strongest down-regulation over time in micromass culture.
Analysis of the filtered data set shows that changes in gene expression accumulate from day 3 to day 15 of culture, so that the largest changes are observed when data sets from these culture days were compared, irrespective of the fold change cutoff used. This trend is consistent with the changes observed in the development of an organ system in which cells undergo a transition from a state of developmental plasticity to a state of determination, specification, and ultimately terminal differentiation (Loebel et al., 2003) . The larg- est successive changes in gene expression occur between days 3 and 6 of the culture period, which is consistent with chondrogenic differentiation. Changes observed between the later developmental stages were conversely smaller.
A caveat of microarray analysis is the generation of data sets with high dimensionality, which in turn generates a proportion type I errors (Dudoit and Fridlyand, 2002; Reiner et al., 2003) . Microarray analysis is also limited in its ability to quantify the expression levels observed for any given chip (Sekiya et al., 2002; Barash et al., 2004) . These two features pose a problem with interpreting the significance of expression data. Currently, studies are underway to bypass these obstacles; however, a consensus has yet to be reached regarding the selection of optimal normalization algorithms in particular (Love et al., 2002) . M.A.S. 5.0 algorithm from Affymetrix, Model Based Expression Index (Li and Wong, 2001) and Robust Multi-array analysis (RMA; Irizarry et al., 2003) are examples of currently used summary measures. In our case we processed the data according to MAS 5.0 algorithms and subsequently filtered the data in both GeneSpring 6.1 and in GeneTraffic 3.0, which used RMA. A range of filtering parameters (i.e., 2-, 5-and 10-fold change cutoffs) was also used to identify the distribution and the degree to which the expression of certain genes change.
Higher stringency normalization and filtering reduces the frequency of false positive data, because noise is dependent on the observed signal intensity (Tu et al., 2002; Cole et al., 2003) . We must establish a balance between excluding biologically meaningful data by using restrictive analysis criteria and using permissive parameters, which could likewise reduce the biological value of the data by increasing the number of artifacts. For example, normalization and analysis of our data set in GeneSpring identified the temporal expression pattern of Rgs2, whereas changes in Rgs2 mRNA expression were not deemed significant using the more stringent RMA normalization in GeneTraffic. However, confirmation of the Rgs2 expression with RT-PCR suggests that normalization and subsequent filtering of the data in GeneSpring produces biologically relevant data sets. Similar findings were also obtained with numerous other genes (unpublished data).
At the same time, however, the larger gene lists generated in GeneSpring make the selection of a manageable number of candidate molecules for functional characterization a Figure 7 . Functional characterization of RGS2 in chondrocyte differentiation. Differentiating ATDC-5 cells stably overexpressing RGS2 were stained with Alcian blue (A) and ALP on days 3, 12, and 18 of culture (B). ALP activity was subsequently quantified by enzyme assay. Stainings were repeated three times on independent trials, and ALP activity values represent an average of six independent trials. Significant differences from the vector control (***) were determined by p Ͻ 0.001. RGS2 overexpression results in accelerated and increased induction of glycosaminoglycan synthesis and ALP activity. much more complex task. It is important to note that the gene expression patterns observed in the data set are similar between both analysis methods, i.e., GeneSpring versus GeneTraffic. Furthermore, the probe sets identified by parallel filtering methods show the expected inverse correlation between the number of identified probe sets and the fold change cutoff used. For example, the myogenic markers identified in this list are consistently down-regulated in both programs even though GeneSpring analysis proves to be less stringent. These findings highlight the fine balance between the specificity and sensitivity of normalization algorithms and filtering conditions, and the importance of implementing algorithms that coincide with the biological questions of interest. Combining robust statistical algorithms with various filtering stringencies provides a broader spectrum of changes from which integrative hypotheses may be derived while maintaining both the statistical confidence and biological relevance of the analyzed expression data.
Our cluster analyses revealed numerous groups of coexpresssed genes, three of which were analyzed in more detail. The probe sets identified in cluster 1 contained Mmp13 as well as probe sets for genes exhibiting a minimum 10-fold up-regulation from day 3 to 15 of micromass culture. Specifically, this cluster included other matrix molecules such as Comp and factors that have not been well characterized in the context of chondrogenic differentiation. Similarly, a group of CC and CXC chemokine receptors (CCRs) were identified in cluster 3 (Table 3) . Silvestri et al. (2003) established the role of chemokine receptors in the maintenance of healthy cartilage by maintaining the balance between catabolic and anabolic processes in the tissues. Alaaeddine et al. (2001) demonstrated that chemokine receptor genes (CCRs) are up-regulated in human osteoarthritic. It is interesting to note that, contrary to the pattern observed for CCRs, several of their ligand chemokines exhibited a minimum 10-fold increase in gene expression during micromass differentiation in our data sets. This family of molecules has been implicated in promoting chondrocyte hypertrophy (Merz et al., 2003) . Further studies should elucidate the roles chemokine receptors play in both normal and pathological cartilage conditions. Novel factors were also identified with the cluster analysis (Table 4) . For example, the angiotensin type II receptor (Agtr2) (Ma et al., 1998) exhibited an expression pattern similar to cartilage link protein and was found in cluster 2.
The activation of signaling cascades essential to endochondral bone growth and remodeling occurs partially through the coordinate action of G-protein-coupled receptors (GPCRs) and heterotrimeric G-proteins, for example, the parathyroid hormone and parathyroid hormone-related peptide receptor (PTH/PTHrP-R) and G␣ subunit proteins (Bringhurst et al., 1993; Bowler et al., 1998; Chung et al., 1998; Inoue and Matsumoto, 2000) . Signaling through GPCRs is regulated by the activities of regulators of G-protein signaling (RGS) proteins, which are a family of signaling molecules implicated in regulating the rate at which G-proteins hydrolyze bound GTP (Hepler, 1999; De Vries et al., 2000; Hepler, 2003; Ishii and Kurachi, 2003) . RGS2 has been implicated in the down-regulation of PTH-mediated signaling in osteoblasts (Ko et al., 2001; Thirunavukkarasu et al., 2002) . Our data suggest that the gene encoding RGS2 is also expressed in chondrocytes and functions in the regulation of chondrocyte differentiation in ATDC5 cells. RGS2 overexpression in these cultures advanced the production of glycosaminoglycans and ALP. Parallel increases in the expression of the chondrogenic marker genes Fgfr3 and Ibsp, which to our knowledge have not yet been described as RGS2 target genes, were also observed. However, other chondrocyte markers, such as Sox9 and Indian hedgehog, were not affected by RGS2 overexpression, suggesting that the effects of RGS2 are specific to certain aspects of chondrocyte maturation. Future studies will include in depth analysis of the mechanism of RGS2 regulation of chondrocyte differentiation. Nevertheless, these studies provide an example how our microarray analyses result in the identification of novel candidate regulators of chondrocyte differentiation and in the subsequent experimental validation of the hypothesized biological roles of these candidates.
The integration of an in vitro limb culture system and high throughput microarray analysis has provided a valuable tool for identifying global gene expression profiles of markers and potential regulators of chondrogenic differentiation. Functional studies confirmed the biological relevance of the Rgs2 expression pattern identified in our microarray analyses. This research facilitates the development of novel complex, testable hypotheses regarding potential regulators of chondrocyte development. These data thus provide the basis for improved understanding of cartilage development, homeostasis, and disease.
Note added in proof. All data sets have been submitted to the NCBI/GEO database (entry number GSE2154). F: 5Ј-GCA TCA AGT GGA CCA AGC TA-3Ј R: 5Ј-GTA ACT CCA ATG CCA CCA CA-3`Ј Myogenic differentiation 1 (Myod-1) F: 5Ј-GCT CTG ATG GCA TGA TGG AT-3Ј R: 5Ј-CCT GTT CTG TGT CGC TTA GG-3Ј Nuclear cap binding protein subunit 2 (Ncbp2) F: 5Ј-TAC GTG GAA CTC AGC GAG TA-3Ј R: 5Ј-CTT GGA CCG CGA CCT AGA CT-3Ј Regulator of G-protein signalling (Rgs2) F: 5Ј-TGG ACA AGA GTG CAG GCA AC-3Ј R: 5Ј-GTG AAG CAG CCA CTT GTA GC-3Ј HA-tagged regulator of G-protein signalling (Rgs2) F: 5Ј-GCT TAC CCA TAC GAT GTT CAA-3Ј R: 5Ј-TGA GGC TCT GTG GTG ATT TG-3Ј 
